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List of Variables

(See Figures 1&2)

Hp, = Height of breach in feet, which is the vertical distance between the dam crest and breach invert.

H,, = Maximum depth of water stored behind the breach in feet (usually depth from emergency
spillway crest down to breach invert for a full, fair-weather breach)

Vw = Reservoir volume stored corresponding to Hy in acre-feet (AF)

BFF (Breach Formation Factor) = H,,V,, in acre-feet” — used for MacDonald & Langridge-Monopolis
and Washington State methods only.

Ver = Volume of dam eroded in cubic yards during a breach. Used for MacDonald & Langridge-
Monopolis and Washington State methods only. This is the same as BaygWavg for a full breach or
Dz[ for a piping only failure (variables defined below).

Bavg = Average breach width in feet. For a trapezoidal section, this is the width of the breach at the
mid-point, Hy/2.

Zp, = Side slopes of breach (Z, Horizontal: 1 Vertical).

Z4 = slopes of downstream face of the embankment (Z; Horizontal: 1 Vertical).

Z, = slope of the upstream face of the embankment (Z, Horizontal: 1 Vertical).

Z; = sum of the upstream and downstream embankment slopes, Z, + Zy

By, = breach bottom width in feet: Bayg - HpZp

Wavg = Average width of dam in direction of flow (feet). This is the width at the mid-point of

Hy: Wypg = C + Hy 220

Ty = breach development time in hours.

C = width of the dam crest in feet.

g = acceleration due to gravity, which equals 32.2 feet/sec’
SI= Storage Intensity = V,,/H,, acre-feet/foot

ER = Erosion Rate = Bay,/Ty feet/hour

L = Length of piping hole, feet

D = Piping hole height/width (assumed square), feet

H, = Height from center of piping hole to dam crest = H;, — %

A, = Surface area of reservoir (acres) at reservoir level corresponding to H,,

Q = Discharge in cfs

Qp = Peak dam break discharge at the dam in cfs

Q.= Routed peak discharge in cfs at a certain distance, X, downstream of the dam
X = Distance downstream from the dam along the floodplain in miles

Dso = Mean soil particle diameter in millimeters

A = Area of the piping hole in square feet: D?

C, = Piping orifice coefficient

Cw = Weir coefficient

f=Darcy friction factor
y = Instantaneous flow reduction factor = 23.4 As/Bavg
K, = Froehlich Failure Mode Factor

il
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1.0 Introduction

Simulation of embankment dam breach events and their resulting floods are crucial to characterizing and
identifying threats due to potential dam failures. Characterization of the threat to public safety that a dam
poses establishes the Hazard Classification of the dam and the associated standard of care to which the
dam is held. Among other design parameters, the Hazard Classification of a dam determines the inflow
design flood (IDF), which is the basis for spillway sizing. The Hazard Classification also triggers the
requirement to prepare an Emergency Action Plan, requiring preparation of inundation maps which
accurately predict dam breach flood depths and arrival times at critical locations. When population
centers and associated critical sections are located well downstream of a dam, details of the breaching
process and the calculated peak discharge may have little effect on the results. In this case, travel time,
attenuation, and other routing effects tend to predominate. However, in a growing number of cases, the
location of population centers near a dam makes accurate prediction of breach parameters (e.g. breach
width, depth, rate of development) crucial to the analysis. If breach parameters cannot be predicted with
reasonable accuracy, more conservative assumptions and associated increased costs may be required
(from Wahl, 1997).

A recent query of the dam safety engineers within the Colorado Dam Safety Branch (Branch) determined
that there is currently no consensus nor up-to-date guidance regarding the state-of-the-practice procedures
for performing dam breach analyses. A committee of dam safety engineers from within the Branch was
therefore assembled to perform a literature review of the current state-of-the-practice, research available
methods, and develop a guidance document for use within the Branch and for engineers working on dam
safety issues in Colorado.

This document was prepared by Colorado dam safety engineers Jeremy Franz, John G. Blair, Matt Gavin
and Bill McCormick of the Greeley, Glenwood Springs, Durango and Colorado Springs Offices of the
State Engineer, respectively, under the direct supervision of Mark Haynes, Chief, Colorado Safety of
Dams Program.

2.0 Purpose and Scope

The purpose of this guidance document is to develop a generalized approach for breach analysis to
establish consistency throughout the Branch. The procedures and analytical models described herein are
intended to serve as a “dam breach toolbox.” It remains incumbent on the engineer to select the
appropriate level and type of analysis based on sound engineering judgment. It is further acknowledged
that the development of dam breach analysis techniques is rapidly evolving, and that the
recommendations herein are not an exhaustive account of the means and methods available to engineers
working in this field.

The methodologies described in these guidelines are intended to establish consistency in the analysis and
review of dam safety projects in Colorado. The software recommendations are limited to those programs
available within the public domain, currently supported and upgraded and widely available to dam safety
engineers. Other software not described is available to perform similar analyses. The use of software not
described in these guidelines is not prohibited, provided similar results and conclusions can be obtained
and verified. This may require the use of an independent third party review if the specific software is not
available to the Dam Safety Branch.
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2.1 Colorado Dam Breach Analysis Requirements

Requirements for dam breach analyses are contained in the State of Colorado Rules and Regulations for
Dam Safety and Dam Construction (Rules). Specifically, the applicable rules are: Rule 4 — Definitions,
Rule 5.4.1 — Hazard Classification Report, and Rule 16.1.5 — Inundation Mapping. For clarity, pertinent
sections of the Rules are contained below.

Rule 4 - Definitions

4.2.5 "Dam" means a man-made barrier, together with appurtenant structures, constructed above the
natural surface of the ground for the purpose of impounding water. Flood control and storm runoff
detention dams are included.

4.2.5.1 "Jurisdictional Size Dam" is a dam creating a reservoir with a capacity of more than 100
acre-feet, or creates a reservoir with a surface area in excess of 20 acres at the high-water line, or
exceeds 10 feet in height measured vertically from the elevation of the lowest point of the natural
surface of the ground where that point occurs along the longitudinal centerline of the dam up to
the crest of the emergency spillway of the dam. For reservoirs created by excavation, or where
the invert of the outlet conduit is placed below the surface of the natural ground at its lowest point
beneath the dam, the jurisdictional height shall be measured from the invert of the outlet at the
longitudinal centerline of the embankment or from the bottom of the excavation at the
longitudinal centerline of the dam, which ever is greatest. Jurisdictional height is defined in Rule
4.2.19. The State Engineer shall have final authority over determination of the jurisdictional
height of the dam.

4.2.5.2 "Non-jurisdictional Size Dam" is a dam creating a reservoir with a capacity of 100 acre-
feet or less and a surface area of 20 acres or less and with a height measured as defined in Rules
4.2.5.1 and 4.2.19 of 10 feet or less. Non-jurisdictional size dams are regulated and subject to the
authority of the State Engineer consistent with sections 37-87-102 and 37-87-105 C.R.S.

4.2.5.3 "Minor Dam" is a jurisdictional size dam that does not exceed 20 feet in jurisdictional
height and/or 100 acre feet in capacity (see Figure 1).

4.2.5.4 "Small Dam" is a dam with a jurisdictional height greater than 20 feet but less than or
equal to 50 feet and/or a reservoir capacity greater than 100 acre-feet, but less than 4,000 acre-
feet (see Figure 1).

4.2.5.5 "Large Dam" is a dam greater than 50 feet in jurisdictional height, and/or greater than
4,000 acre-feet in capacity (see Figure 1).
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Figure 3- Dam Size Determination

4.2.5.6 "Diversion Dam" is a dam constructed for the purpose of diverting water from a natural
watercourse into a canal, tunnel, ditch, or pipeline that typically impounds an insignificant
volume of water, and for which the impacts of failure are not a significant public safety hazard.

4.2.5.7 "Flood Control Dam" is a special purpose dam that is normally dry and has an un-gated
outlet structure for the controlled release of water impounded during and subsequent to a flood
event. The jurisdictional size and classification of the dam are determined using the height and
capacity of the reservoir to the emergency spillway elevation, or using the elevation of the
maximum routed water surface elevation if no emergency spillway is provided.

4.2.6 "Dam Failure Inundation Map" is a map depicting the area downstream from a dam that
would reasonably be expected to be flooded in the event of a failure of the dam.

4.2.14 “Hazard Classification of a Dam" is the placement of a dam into one of four categories based
on the hazard potential derived from an evaluation of the probable incremental adverse consequences
due to failure or improper operation of the dam. Conditions for evaluation are absent flooding, and
the reservoir is assumed to be full to the high water line. The hazard potential classification does not
reflect the current condition of the dam with regard to safety, structural integrity, or flood routing
capacity. (See Rule 5.4, Hazard Classification Study, for a more detailed description of determining
which hazard category a given dam shall be placed.) The Hazard Classification evaluation method
must be approved by the State Engineer.

4.2.14.1 "High Hazard Dam" is a dam for which loss of human life is expected to result from
failure of the dam. Designated recreational sites located downstream within the bounds of
possible inundation should also be evaluated for potential loss of human life.

4.2.14.2 "Significant Hazard Dam" is a dam for which significant damage is expected to occur,
but no loss of human life is expected from failure of the dam. Significant damage is defined as
damage to structures where people generally live, work, or recreate, or public or private facilities.
Significant damage is determined to be damage sufficient to render structures or facilities
uninhabitable or inoperable.
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4.2.14.3 "Low Hazard Dam" is a dam for which loss of human life is not expected, and
significant damage to structures and public facilities as defined for a "Significant Hazard" dam is
not expected to result from failure of the dam.

4.2.14.4 "No Public Hazard (NPH) Dam" is a dam for which no loss of human life is expected,
and which damage only to the dam owner's property will result from failure of the dam.

Rule 5 — Requirements for Construction or Enlargement of Jurisdictional Size Dams or
Reservoirs

5.4.1 Hazard Classification Report - The hazard classification report shall identify the size and
hazard classification category for the proposed dam, or enlarged existing dam. A report is not
required for dams that are declared as High Hazard; however, a dam failure inundation map will be
required for the Emergency Action Plan pursuant to Rule 16. The report shall include sufficient
information regarding assumptions, calculations and data used to develop the dam failure flood
hydrograph and an assessment of the impact of the dam failure upon the downstream floodplain. The
dam shall be classified according to the definitions of Rule 4. The hazard classification report must
be approved by the State Engineer, and shall be in a form that meets the State Engineer’s
requirements, including, but not be limited to:

5.4.1.1 Dam failure inundation maps are required for all dams classified as High and Significant
Hazard. Inundation maps are required for dams classified as Low Hazard unless the dam is
located in a remote area where no development exists downstream of the dam;

5.4.1.2 Cross-sections along the watercourse, drawn to scale, showing water surface elevations at
critical locations where structures may be impacted by the flood wave. Cross-sections shall show
discharge in cubic feet per second, average velocity in feet per second, and structures located in
the flooded section. References to all computer programs, data sources and related documents
used in the evaluation shall be included; and

5.4.1.3 Supporting documentation and tabulation of assumed parameters, including Manning’s
“n” values for the stream channel and the floodplain shall be included.

Rule 16 — Emergency Action Plans (EAP)

16.1.5 Inundation Mapping - A dam failure inundation map is required for High and Significant
Hazard dams. The inundation maps should show the stream which will be flooded including urban
and rural impacts. Inundation mapping for High and Significant Hazard dams shall contain the
following minimum information:

16.1.5.1 High Hazard Dams - Inundation mapping for High Hazard dams shall show the
calculated extents of the dam breach flood wave. Include cross sections at critical locations
showing lateral and vertical flood extents, flood wave velocity, and flood wave arrival time.
Inundation mapping shall be extended downstream to a location where no potential for loss of life
and/or no significant property damage exists.

16.1.5.2 Significant Hazard Dams - Inundation mapping for Significant Hazard dams shall show
the route of the dam breach flood wave, the estimated time of arrival of the flood wave at critical
sections and the estimated lateral extent of inundation. The inundation mapping shall be
extended downstream to a location where no significant property damage exists. The inundation
mapping requirements for Significant Hazard dams may be modified for good cause, with the
approval of the State Engineer.
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3.0 Dam Breach Mechanisms

Breach forming mechanisms can be classified into two general categories: (1) Breaches formed by the
sudden removal of all or a portion of the impounding structure as a result of some over-stressing of the
structure, and (2) breaches formed by erosion of embankment material (MacDonald & Langridge-
Monopolis, 1984). Mechanism (1) describes the possible breach of a concrete or other rigid type of dam.
Mechanism (2) addresses overtopping and internal erosion failures of embankments.

3.1 Failure of Rigid Dam Structures

The failure mode of rigid dams, such as those constructed from concrete or masonry materials, is
generally characterized by some sudden structural failure (partial or complete) or catastrophic
displacement of the structure. Failure modes include the following:

e Extreme loading conditions such as overtopping that lead to structural failure of the dam,
foundation or abutments.

e [Extreme loading that overloads a drainage system or outright drainage system failure leading to
uplift and movement of the structure downstream.

e Excessive deformation of the structure due to settlement of foundation materials, or structural
failure due to loss of support from the foundation or abutments.

Breach analysis for rigid structures is generally straightforward. It typically involves the instantaneous
removal of a portion of the structure, or, in some cases, the entire structure. Given the simplicity of this
type of analysis, it is not specifically addressed in this guidance document.

3.2  Overtopping Failure of Earthen Dams

Overtopping failures of earthen dams typically begin with headcutting at the downstream toe and advance
upstream until the erosion reaches the dam crest and reservoir surface. A dam failure resulting from an
embankment slide can also lead to an overtopping type of failure when the slide encroaches upon the high
water line. Once the reservoir is connected to the progressing breach, downcutting of the embankment
and lateral erosion occur until the breach expands to its final dimensions. The above process assumes a
level dam crest. Uneven dam crest surfaces can result in concentration of flow and erosion of the crest
itself, accelerating the process of connecting the reservoir to a progressing breach.

3.3 Piping and Internal Erosion of Earthen Dams

The terms “piping” and “internal erosion” are often used synonymously. From a strict technical
standpoint, McCook, (2004) defines piping as inter-granular seepage that occurs through a soil body
which has no preferential flow paths. Piping is also sometimes referred to as backwards erosion piping
because the erosion typically occurs from downstream to upstream (analogous to headcutting). McCook
(2004) defines internal erosion as a result of water flowing through defects or cracks within a compacted
fill, a foundation, or at a contact between a fill and foundation. Internal erosion occurs when the water
flowing through the crack or defect erodes the soil from the walls of the crack or defect. If the eroding
water has enough velocity to continue to erode the soil in contact with the crack, the crack will enlarge
from the erosion. If left unchecked, both internal erosion and piping will progress until the flow path is
large enough to empty the reservoir, sometimes in a breaching type event. Although it is acknowledged
that the above technical differences exist between internal erosion and piping, for practical reasons the
term “piping failure” will be utilized throughout these guidelines to refer to both. In this document, the
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term “piping failure” is intended to mean the unchecked internal erosion process that leads to the
development of a flow path large enough to result in a rapid discharge of the reservoir contents through
the pipe and/or breach, regardless of failure mechanism.

4.0 ABrief History of Dam Breach Analysis

Models for predicting the peak discharge from a dam breach have existed since the mid 1960°’s.
Cristofano (1965), a sediment transport specialist with the U.S. Bureau of Reclamation (USBR),
estimated the breach erosion process using the angle of repose of a given soil as the primary input. Harris
and Wagner (1967) utilized a parabolic dam breach shape along with assumptions regarding breach
dimensions and sediment properties to predict breach flows. In the early 1980’s, computer programs
were developed to analyze the dam breaching process. MacDonald & Langridge-Monopolis (1984)
indicates that those programs were limited by the accuracy of the breach geometry and failure timing
information that was typically used as input. MacDonald & Langridge-Monopolis (1984) performed the
first systematic analysis of a database of 42 existing dam failures in order to establish empirical
relationships relating reservoir/dam dimensions to breach width, timing and peak discharge. The
MacDonald & Langridge-Monopolis equations and others like them are referred to as “empirical
methods” in this document. Similar statistical (regression) analyses were performed by the USBR (1988),
Von Thun and Gillette (1990), Dewey and Gillette (1993) and Froehlich (1995a, 1995b) to create their
own empirical methods. Many of these studies utilized a common database of dam failures to produce
empirical relationships for prediction of breach parameters including time to failure, average breach
width, and breach side slope angles. A few empirical methods were also developed to predict breach
peak discharge. One example of this is the equation developed for the National Weather Service (NWS)
Simplified Dam Break Model (SMPDBK) (Wetmore and Fread, 1984).

During the same time frame that empirical methods were being developed, the breach modeling process
was also being advanced. Froehlich (1995b) describes two types of breach models: causal and empirical.
Causal breach formation models are based on physical laws and empirical relations governing the flow of
water and erosion of embankment materials, and are referred to as “physically based models” in this
document. In the empirical approach as defined by Froehlich, breaches are allowed to form in a
predetermined manner that is controlled by specified input parameters. Hence, they are referred to as
“parametric models” in this document. These parametric models are easier to apply than physically-based
models (Froehlich, 1995b). An example of a physically-based model is NWS BREACH. Examples of
parametric models are the breach routines in the US Army Corps of Engineers HEC-1, HEC-HMS and
HEC-RAS computer models and the NWS dam break modeling program DAMBRK (Fread, 1988a).
Parametric models typically assume the breach process begins as a triangular or trapezoidal shape (cut) in
the dam. As time progresses, the breach shape enlarges and extends until it reaches the user-defined final
dimensions at the user-specified time.

After about 1998, the dam breach regression analysis process had extracted about as much information as
possible from a database that included up to a maximum of about 108 actual dam failures. Since that time
analysis methods have changed to include more sophisticated multivariate regression analysis of the
uncertainty of the parameter predictions provided by the various published equations. The more recent
analyses led to further refinement of the Froehlich empirical method (Froehlich, 2008). In the same time
frame, more full-scale, physically-based modeling of the dam breach process was being accomplished,
including research at the Natural Resources Conservation Service (NRCS) laboratories in Oklahoma and
sites in Norway (Vaskinn, 2004).

It appears the future of dam breach analysis is being concentrated on improved physically-based modeling
of the erosional processes of dam failures. Research is being concentrated toward defining the
mathematics of those erosional processes for use in the next generation of numerical models. One quasi-
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private group of dam owners has identified three such models for additional research and development
(Wahl, 2008). The Dam Safety Interest Group (DSIG) of CEA Technologies, Inc. (CEATI) has identified
SIMBA (NRCS), HR-BREACH (England) and FIREBIRD BREACH (Canada) as models that show
promise toward making advances in physically-based numerical modeling of dam failures. The
Hydrologic Engineering Center (HEC) of the US Army Corps of Engineers (USACE) is planning to
incorporate at least one of these models into future releases of HEC-RAS (Gee, 2009).

With these recent and ongoing developments, it is obvious that the state-of-the-art of breach modeling is
rapidly changing and there is much about the process that is not fully understood. This underscores the
importance of conservatism within any breach analysis. It also reinforces the need to stay abreast of the
current research and update the conclusions and recommendations of this document as breach modeling
continues to evolve.

5.0 Dam Breach Analysis Tools

There are four critical elements of any breach analysis: 1) breach parameter estimation (breach size/shape
and time of failure), 2) breach peak discharge and breach hydrograph estimation, 3) breach flood routing,
and 4) estimation of the hydraulic conditions at critical locations. The most commonly used approaches
for the required elements of the analysis are described briefly as follows.

5.1 Comparative Analysis

Perhaps the simplest approach to dam breach flood estimation is comparative analysis. This method
compares a given dam of interest with those in a database of well documented dam failure case histories.
A given dam geometry, height, slope angles, and reservoir areas and volumes are compared with a list of
similar sized dams that have failed. Dam breach parameters and peak discharges reported from the failure
case histories of similarly configured dams are then directly applied to the dam being analyzed.

5.2 Empirical Methods

Empirical methods are used to predict time to failure and breach geometry, as well as to predict peak
breach discharges. The empirical approach relies on statistical analysis of data obtained from
documented failures. The four most widely used and accepted empirically derived enveloping curves
and/or equations for predicting breach parameters are: MacDonald & Langridge — Monopolis (1984),
USBR (1988), Von Thun and Gillette (1990), and Froehlich (1995a, 1995b, 2008). These methods have
reasonably good correlation when comparing predicted values to actual observed values.

The most basic statistical process generally involves plotting data for variables extracted from the dam
failure dataset such as volume of embankment removed, volume of water released, height of water behind
the dam, and development time of the failure. In some cases products of variables are used to define
other factors such as the Breach Formation Factor (BFF). The variables and factors are then plotted
against each other on log-log plots and least squares best-fit or envelope curves are developed. Since
these curves are based on actual data, they can then be used for prediction of hypothetical dam breach
cases. An example of an empirical method is the MacDonald & Langridge-Monopolis method (1984)
which uses the reservoir volume and height of water behind the dam to estimate the embankment volume
removed, the development time and the peak discharge of a breach.
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5.3 Physically-Based Models

A physically-based model (also referred to as a “process” or “causal” model) utilizes generally accepted
relationships based on physical principles to establish the framework of a model. The model then
attempts to solve those relationships for a given input. This is a relatively simple concept, but it can
become very complex when the input is changing with time. In the case of dam breach analysis, both the
input and physical constraints are changing with time as the dam erodes and the reservoir evacuates.

Although several physically-based models have been reported as being in the development stage for
research purposes, the National Weather Service’s BREACH program (NWS BREACH or BREACH) is
currently the only widely available model. BREACH predicts the development of a breach and the
resulting outflow using an erosion model based on principles of hydraulics, sediment transport and soil
mechanics. It was initially developed in 1987, but has had several upgrades in 1988, 1991, and 2005. The
model takes into account several components of a dam and reservoir that are not considered in the
empirical methods, such as area versus elevation, dam dimensions, soil properties of the dam, and
tailwater effects downstream. It is relatively simple to run and is widely used within the United States.

Unfortunately, BREACH is no longer supported by the National Weather Service and significant
advances in the understanding of the complex mechanics of a dam failure have not been incorporated
(Wahl, 1998). Also, the model has only been calibrated with a very limited number of cases.

5.4 Parametric Models

HEC-1, HEC-HMS and HEC-RAS are parametric computer models that estimate the peak discharge and
breach hydrographs from dam breaches based on parameters (breach geometry and breach development
time) provided by the user. They can also be used to calculate the flood routing of the hydrograph
downstream, and, in the case of HEC-RAS, can be used to estimate the hydraulic conditions at critical
downstream locations.

5.4.1 Hydrologic Models

Hydrologic routing employs the continuity equation and an analytical or an empirical relationship
between storage within the reach and discharge at the end (USACE, 1994). In the absence of significant
backwater effects, the hydrologic routing models offer the advantages of simplicity, ease of use and
computational efficiency (USACE, 1994). Hydrologic routing models provide attenuated flow
hydrographs at locations of interest, but do not provide useful information on water surface elevations or
flow velocities. HEC-1 and HEC-HMS are the most widely used hydrologic models for dam safety
analysis, and both contain a parametric dam breach routine that calculates the breach hydrograph.

5.4.2 Hydraulic Models

Hydraulic models, in general, are more physically based than hydrologic models since they only have one
parameter (the roughness coefficient) to calibrate. The full unsteady flow equations have the capability
to simulate the widest range of flow situations and channel characteristics. The basic data requirements
for hydraulic routing techniques include: flow data, channel geometry, roughness coefficients, and
internal boundary conditions. Hydraulic modeling is further subdivided into steady flow analysis and
unsteady flow analysis. In unsteady flow, time dependent changes in flow rate are analyzed explicitly as
a variable, while steady flow analysis models neglect time all together (USACE, 1993). Steady flow
analysis can determine a water surface elevation and flow velocity at a given cross section for a given
flow using Manning’s equation under the assumption of gradually varied flow conditions. Unsteady flow
analysis can be used to evaluate the downstream attenuation of the flood wave, providing a more accurate
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estimate of flood magnitude and velocity at critical locations. HEC-RAS is the most widely used
hydraulic model for dam safety analyses in the United States and can be utilized for steady and unsteady
flow analyses. The latest versions of HEC-RAS (since version 3.0) have a parametric dam breach routine
that can calculate a breach outflow hydrograph within an unsteady flow simulation.

Another hydraulic model that has been widely used for unsteady flow analyses is the NWS DAMBRK
model. The BOSS Corporation has added a graphical user interface while keeping the same numeric
algorithm to make the model more user-friendly. This version is called BOSS DAMBRK. The model is
based upon the same basic unsteady routing hydraulic principles as HEC-RAS, but DAMBRK was
specifically developed for modeling dam failures. The cross-section input requirements for routing dam
break floods require the same number of points to represent every cross section, which limits its
usefulness.

6.0 ATiered Dam Breach Analysis Structure

Given the wide range of conditions that could exist at a dam and in its failure path, and the modeling
options available, there are many choices to be made while performing a dam breach analysis for a hazard
classification study or to develop inundation maps for emergency preparedness documents. Because dam
breach analyses will not always require the most sophisticated tools available, a tiered approach is
recommended. The tiered approach matches the appropriate level of analysis with a given situation. The
goal is to make the most efficient use of time and available tools while producing results that are
appropriately conservative.

Table 1 shows a matrix of the tiered dam breach analysis structure. As shown, various tools can be
utilized in part or all together, depending on the nature of the analysis that is required. Rows in the table
represent the level of analysis and the columns represent a four-step breach analysis process. In general,
as the level of analysis increases, so does the level of effort (time) needed to complete it. However, as the
analysis increases in complexity, less conservative assumptions can be used, and the results are
considered more accurate.

6.1 Screening

Assuming that a presumptive determination (by inspection) of hazard classification is not practical, the
first level of analysis is Screening. Screening is meant to be a cursory, yet conservative level of analysis
that can be performed rapidly. The analysis ignores dam break hydrograph development. The breach
parameters determined from empirical methods are calculated and used for input into the SMPDBK peak
discharge equation, or an orifice equation assuming instantaneous piping hole formation.

Empirical routing equations or nomographs can be used to estimate the attenuation of the flood wave
downstream of the dam. One empirical routing equation was developed by the USBR in 1982 “Guidelines
for Defining Inundation Areas Downstream from Bureau of Reclamation Dams” . This equation follows:

QT — 1olog(Qp)—0.01X
Where:

X = distance in miles downstream of the dam measured along the flood plain.
Q= peak discharge in cfs corresponding to distance X.
Qy= peak dam break discharge at the dam in cfs.
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Table 1 - Tiered Dam Breach Analysis Structure

Breach Parameter

Level of Estimation H I(Bj'r‘(e)aiz h H 3:?)&(;2 h Hydraulics at
Analysis (Size/Shape and ydrograp ydrograp Critical Section(s)
. . Estimation Routing
Failure Time)
Peak Breach Empirical Routing
Screening Empirical Equations Discharge from Equations or Normal Depth
SMPDBK Nomographs
Paﬁggzlr ¢ Hydrologic Model Steady-State
Simple Empirical Equations (HEC-1 or (HEC-1 or Hydraulics
HEC-HMS) HEC-HMS) (HEC-RAS)
Parametric Peak Water
. Model Unsteady Surface Profile
Intermediate Empirical Equations Hydraulic Model
HEC-1 or (HEC-RAS) (Unsteady
HEC-HMS HEC-RAS)
Parametric Peak Water
.. . Model Unst.eady Surface Profile
Advanced Empirical Equations Hydraulic Model
(HEC-RAS or (HEC-RAS) (Unsteady
DAMBRK) HEC-RAS)

The hydraulic conditions at critical locations downstream of the dam can usually be determined with
normal depth calculations as long as steady, uniform flow is a valid assumption (i.e. no significant
backwater effects in the vicinity of the section).

Because the screening level of analysis is very conservative, it can be used to determine if further analysis
is required. It is expected that, if the hydraulics calculated at critical locations indicate a specific hazard
classification with a screening-level analysis, then more sophisticated analyses would not likely result in a
higher hazard classification. So if a screening analysis indicates a Low Hazard, no further analysis is
required. If the screening analysis indicates High or Significant Hazard, a more accurate, less
conservative approach may show a lower hazard classification and additional analysis may be warranted
to demonstrate this depending on the situation.

Note that the screening level of analysis does not lead to inundation maps which are required for
Significant and High Hazard dams. The minimum level of analysis required to develop inundations maps
is the next level: Simple.

6.2 Simple

The Simple level of analysis is slightly more sophisticated than the screening analysis. Results of the
Simple level of analysis may provide the necessary conclusion, or may indicate that the intermediate or
advanced approach is warranted. This analysis uses the recommended empirical methods to determine
the breach parameters and then uses a hydrologic parametric model (HEC-HMS or HEC-1) to compute a
breach hydrograph. The hydrologic tool can then be used to route the flood downstream to critical
locations. At that point, a steady-state hydraulic model can be used to calculate the hydraulic conditions

where required.
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The Simple approach is considered moderately conservative. In most cases, it is not as conservative as
the Screening level because the breach hydrograph typically has a smaller peak due to the parametric
modeling of the breach formation, and the hydrologic routing typically results in flood wave attenuation
by the time it reaches critical locations. A steady-state hydraulic model can then be used to accurately
predict hydraulic conditions at critical locations. The results of the steady-state hydraulic model can be
used to create inundation mapping for Emergency Action Plans. If this method results in a borderline
situation, it may be necessary to employ a more advanced approach.

6.3 Intermediate

The Intermediate approach lies between the simple approach and advanced approach in accuracy and
sophistication. Similar to the simple approach, it uses empirical equations to determine the breach
parameters (geometry and failure time). Those dimensions are then input into a hydrologic parametric
model (HEC-HMS or HEC-1) to calculate the breach flood hydrograph which is then input into a
hydraulic model (HEC-RAS) in an unsteady flow simulation to route the flood downstream and calculate
the hydraulic conditions at critical locations.

This approach may not be as accurate as the advanced approach for piping failures of smaller dams
because the usage of HEC-1 and HEC-HMS to develop the dam break hydrographs may not model this
process as accurately as HEC-RAS or DAMBRK. However, it may be just as accurate as the advanced
approach for overtopping scenarios or for piping failures of larger dams. This approach is a viable option
for developing flood inundation mapping for Emergency Action Plans.

6.4 Advanced

The Advanced approach is the most rigorous level of analysis. Similar to the Simple approach, it uses
empirical equations to determine the breach parameters (geometry and failure time). Those dimensions
are then input into a hydraulic parametric model (HEC-RAS or DAMBRK) to calculate the breach flood
For DAMBRK the hydrograph is then input into (HEC-RAS) in an unsteady flow simulation to route the
flood downstream and calculate the hydraulic conditions at critical locations. For HEC-RAS, the dam
failure simulation and downstream routing is performed in the same simulation.

The increased accuracy of the Advanced approach comes at the expense of more time required to
develop, debug and refine the unsteady hydraulic model. This level of analysis can be time consuming,
particularly if the downstream drainage is complex and critical sections are located well downstream.

7.0 Recommendations for Dam Breach Analysis

The recommendations presented herein for modeling dam breaches are intended to provide the most
realistic dam breach flood estimates while still being appropriately conservative. For the purposes of
these recommendations, the term “conservative” means an analysis that tends to overestimate the
magnitude and impacts of the dam breach flood. For example, an increase in the estimate of average
breach width for a given development time leads to an increase in the peak breach discharge and
associated impacts downstream. Being appropriately conservative at this time is warranted because of the
need for better physically-based modeling of the erosion processes of dam failures, which is still in the
developmental stage. These recommendations are based on case studies performed on a range of dams
within Colorado. A summary of the case study results is presented in Appendix A.

11
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7.1 Breach Parameter Estimation

7.1.1 Empirical Methods

The MacDonald & Langridge-Monopolis (1984), Washington State (2007) and Froehlich (2008) methods
are the recommended empirical tools for predicting dam breach parameters within the State of Colorado.
The appropriate equations with English units are summarized in Table 2.

The MacDonald & Langridge-Monopolis method computes a volume of embankment eroded during
breach formation, based on the product of the reservoir volume (V,,) and maximum water depth (Hy,).
This product, termed the Breach Formation Factor (BFF), loosely represents the erosive potential of the
water stored in the reservoir. The breach dimensions are calculated based on the volume of embankment
material eroded and the dam geometry. This method considers the dam geometry (height, crest width, and
embankment slopes), and the breach development time computed is directly related to the embankment
volume eroded. Wahl (1998) provides an equation for this relationship, using an envelope curve of the
data, thereby making breach development time estimates conservative. This method also distinguishes
between earth-fill dams and rockfill dams.

Washington State (2007) took the MacDonald & Langridge-Monopolis method and adjusted it based
upon whether the dam is made of cohesionless or cohesive material. Comparing the predicted earth-fill
embankment volume eroded, the Washington State cohesionless equation results in a slightly larger
eroded volume estimate than the best fit curve estimates of the MacDonald & Langridge-Monopolis
method. As would be expected, results from the Washington State cohesive soil equation show less
embankment volume eroded than the MacDonald & Langridge-Monopolis method. The Washington
State method estimates the breach development time for cohesionless soil using the MacDonald &
Langridge-Monopolis method and developed its own equation to estimate breach development time for
cohesive soil using a best fit to the midpoint of the data instead of an envelope equation. Discussion in the
Washington State Technical Note suggests a minimum breach formation factor (BFF), of 100 ac-ft*. This
method therefore appears more suited to Small or Large dams, while the MacDonald & Langridge-
Monopolis method appears to be more appropriate for Minor dams and some small dams with a BFF less
than 100 ac-ft’.

The Froehlich (2008) method is dependent only on the volume of the reservoir, height of the breach and
the assumed breach side-slope. The method distinguishes between piping and overtopping failures using a
variable coefficient termed the Failure Mode Factor, K,. Everything else being equal, an overtopping
analysis produces a larger breach section compared to a piping failure analysis. The Froehlich method
breach development time does not distinguish between overtopping or piping breach failure modes. The
development time estimate is inversely related to the breach height while being directly related to the
reservoir volume. This means dams with greater height tend to produce shorter failure times for a given
reservoir volume which appears to be a valid conclusion considering the greater head driving the breach
formation.

12
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Table 2 - Summary of Recommended Empirical Equations (English Units)

Breach MacDonald &
Parameters Langridge-Monopolis | Washington (2007) Froehlich (2008)
(1984)
V,, = 3.264BFF°77 Ver = 3.75BFF°77
Volume Eroded (best fit all data) (COTSIOHIGSS
v ams)
er
(yd®) V,, = 0.714BFF 852 V., = 2.5BFF%77
(rockfill) (cohesive dams)
5 Avfwr\a;\??dth Bayy = 8.239K,V,***H,*%*
reach Wi Ver
Bapg = m—Z—
Bavg w9 (HpxWavg) K,=1.0 for piping
(ft) K,=1.3 for overtopping
Breach .
Side slopes 501 0.7:1 - piping
Zp e .
1.0:1 - overtoppin,
(H:V) PpInNg
Breach _ .
Development Ty = .02,
. P _ 0364 (cohesionless) _ Voo
Time Tr = 0.016V,, Ty = 3.664 |~
Tf Tf — 0.036l/er0.36 gHp
(hr) (cohesive)

Suggested Methods to Validate the Parameters Calculated using Empirical Methods:

On a case by case basis, judgment is needed with the predicted parameters calculated using the
recommended methods presented here. There are a few general tools used to validate the predicted
parameters:

1. An estimate of linear erosion rate can be used to check the validity of the failure time. Linear erosion
rate (ER) is defined as the B,,/Tr. Von Thun and Gillette (1990) suggests the minimum allowable
erosion rate related to the height of the water above the breach bottom, can be empirically defined as
4H,, and the maximum erosion rate related to the water depth is 200 + 4H,,. However, the data set
used to develop the empirical parameters suggest a minimum ER of 1.6H,,. If the Ty, B,g, and Hy,
computed by the empirical methods listed above produces an ER/H,, much less than 1.6, then
either the Ty is too long or B,y is too small and adjustments are needed or a different method
selected. Likewise, the maximum ER/H,, in the data set was only 21, which is considerably less than
upper limit defined by Von Thun and Gillette (1990) (greater than 200). The average ER/H,,
computed from the database was 6.7. Therefore, if the ER/H,, ratio is greater than 21, then the
parameters are considered suspect.

2. Von Thun and Gillette (1990) suggests that B,,,/H,, cannot be less than 2.5. However, the data set,
especially for piping, shows B,,,/Hy, less than 2.5 in many instances. In fact, it is near 1.0 in several
cases and less than 1.0 in a few instances. The minimum B,,,/H,, for the data set was 0.6 and the
minimum B,,,/Hy, was 0.5. This ratio is highly dependent on storage-intensity (SI = V/H,,) and with a
relatively small reservoir volume relative to the dam height (low storage intensity), the reservoir
evacuates quickly and does not allow for the breach to widen. Piping failure of a dam with a very low
storage-intensity may evacuate the reservoir through the piping hole without a full rectangular or
trapezoidal breach forming. Paquir, et.al, (post 1995) suggested that the piping hole width has to
reach 2/3 of the dam height above the bottom of the pipe before the roof of the piping hole collapses
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and the breach transitions into a full breach formation. In any event, it is very possible to have a By,
less than Hy, If the ratio of B,,¢/Hy, is less than 0.6, then the method is suspect or the reservoir is
so small that only a piping hole will form. (See Section 7.1.1.1 for additional discussion on this
topic)

3. For dams where two empirical methods may be appropriate, the average flow velocity through the
breach may be used to validate one method over another. This technique requires that the average
velocity be determined when the breach has reached its final width. The velocity is calculated based
on the reservoir level and flow at that time. In theory, since the breach has reached its maximum size,
there should not be enough head in the reservoir and/or flow through the breach to cause significantly
more erosion to occur. When comparing two methods, the method that yields the smallest velocity at
the final breach configuration is probably the most appropriate method. It is necessary to run a
parametric model to use this validation technique, but it should help determine which method is most
appropriate. The reservoir level, flow and velocity is easily determined with the HEC-RAS model,
but can also be estimated from the other models if the reservoir level and the flow through the breach
is known.

4. In some cases, the valley geometry is narrow and will control the breach width. One cannot have a
Bavg Wider than the valley at that particular elevation. Also, the breach bottom width and side
slopes must be selected to ensure the bottom width of the breach is not wider than the valley width at
that elevation.

5. The Federal Energy Regulatory Commission’s Dambreak Studies guideline (FERC, 1993) provides a
range of reasonable values for breach width, side slope and failure time for earthen embankments.
Breach Width typically falls between one to five times the dam height; failure time typically falls
within 0.1 - 1.0 hours; and breach side slopes typically range between 1H:4V to 1H:1V. The same
guidelines also have typical breach parameters for other types of dams including arch, buttress,
masonry, gravity, monoliths, timber crib and slag/refuse dams.

The Froehlich (2008) method is recommended for Small or Large dams with a volume greater than 100
AF, as it yields conservative, but reasonable results. The MacDonald & Langridge-Monopolis (1984)
and/or Washington State (2007) methods may also be appropriate for certain situations on a case-by-case
basis. The value of storage intensity provides a check for which method is most appropriate (see Table 3
below).

For Minor dams and Small dams with a capacity of less than 100 AF, use of the MacDonald &
Langridge-Monopolis (1984) method is recommended to estimate volume eroded and breach geometry.
Breach development time estimates for Minor and Small dams should be computed by the Washington
State method.

The MacDonald & Langridge-Monopolis (1984) and Washington State (2007) methods tend to yield a
very narrow breach width for Small and Minor dams that have breached due to overtopping. The
Froehlich (2008) method appears to give more reliable results and is recommended for all sizes of dams
to calculate the breach parameters for an overtopping failure mode.

If the dam material is known or can be assumed to be cohesionless, then the Washington State (2007)
method can be used outright to calculate V., and Ty, but the reasonableness of the results need to be
checked. For instance if a small or minor sized dam built with cohesionless soils, produces a B,,,/Hy, value
less than 0.6 with the Washington State (2007) method, the Froehlich (2008) method may be more useful.
Likewise, the MacDonald and Langridge-Monopolis (1984) method has a specific equation to estimate
V., for rockfill dams.
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Erosion rate (ER) guidelines of 1 < ER/H,, <21, where ER=B,,,/Ty, can be used as check of the methods
and the parameters adjusted accordingly. Table 3 summarizes the generally appropriate empirical
methods for varying dam sizes and storage intensities. This is only a guide and engineering judgment is
needed on a case-by-case basis considering the ER/H,, and B,,,/H}, guidelines mentioned above.

Table 3 - Guide of Appropriate Empirical Methods for Various Dam Sizes and Storage-Intensities

Storage Intensity (81) = Vi/Hw

Dam Size Low Medium High
(S/<5) (5 < 851<20) (57> 20)
*MacDonald & Langridge- [*MacDonald & Langridge- [fMacDonald & Langridge-
Monopolis with Monopolis with Monopolis with Washington
Minor Washington State failure Washington State failure State failure time. Froehlich
time. Froehlich for time. Froehlich for for Overtopping.
Overtopping. Overtopping.
*MacDonald & Langridge- |Froehlich and possibly Froehlich for geometry and
Monopolis with *MacDonald & Langridge- [failure time.
Small Washington State failure Monopolis with
time and possibly Froehlich [Washington State failure
(case-by-case). Froehlich  [time (case-by-case).
for Overtopping.
Froehlich. The side slopes |Froehlich and possibly Froehlich and possibly
may need to be adjusted to  [¥MacDonald & Langridge- *MacDonald & Langridge-
Large yield a reasonable bottom [Monopolis with Monopolis with
width. 'Washington State failure Washington State failure
time (case-by-case). time (case-by-case).
Parameters likely need to be Both Froehlich and It is important to look at
adjusted with judgment on a [*MacDonald & Langridge- [valley and dam constraints
case-by-case basis — may Monopolis seem to work for as the computed parameters
Comments need to be modeled as Small and Large dams in may exceed the valley width
piping hole for Small and  [the middle range of SI. and/or dam length.
Minor dams. Engineering judgment is
needed on a case-by-case
basis.
Froehlich (2008)
References MacDonald & Langridge-Monopolis (1984)

Washington State (2007)

* Where the MacDonald & Langridge-Monopolis Method is referenced as a recommendation, this only
applies for embankments constructed of cohesive materials. The Washington State Method is preferred
for cohesionless earthen embankments.

7111

Piping Failure Considerations with Empirical Methods

For Small and Minor dams with low storage intensities (SI less than 5) that are built with cohesive soils, it
is possible that a piping failure could occur and drain the reservoir without fully breaching the dam (i.e.
collapsing the crest). This situation is evident when the MacDonald & Langridge-Monopolis and
Washington State empirical method for establishing the breach parameters shows that the volume eroded
(V) results in a corresponding B,,,/H,, of less than about 0.5. This phenomenon is common for Small
dams with a volume less than 100 AF and SI less than about 2.5, and Minor dams when Sl is less than
about 1.5. When this occurs, it is possible to calculate the maximum piping-hole size (assumed to be
square) from the volume of embankment eroded. This piping-only failure mode does not apply to dams
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built with cohesionless soils. If the MacDonald & Langridge-Monopolis and Washington State empirical
method produces a B,,,/Hy, value of less than 0.6 for a dam built with cohesionless soils a full breach
should be assumed and another empirical method such as the Froehlich 2008 should be used.

When the computed maximum pipe dimension, D, is less than 0.6H,, then this mode of failure can be
modeled using a sluice gate and a square opening with HEC-RAS. The gate is simulated to open fully
within the failure time Ty computed by the empirical method at a chosen rate. It is easiest to use a linear
rate of opening for the gate to simulate the piping hole, but one can make the gate open at any chosen rate
by manually entering the gate opening versus time in the unsteady flow data.

The method for determining D is described below. Generally, it consists of two algebraic equations and
two unknowns: the piping-hole height/width (D) and the length of the piping-hole (L) along the hole’s

center. L is inversely proportional to D for a given V,,. The mathematics involved follows with a sketch
of a dam cross-section for clarification:

\ / [« c >
\ v / v A
= = 7z Z4
il S g \
—>| D [« L

Figure 4 - Piping Hole Definition Sketch

The following equations can be derived from this geometry:

D
Hy,(height from crest to center of piping hole) = Hj,- 0l

Z:(sum of all side slopes) = Z,, + Z,4
L (length of piping hole) = HyZ, + C — L = (Hp — %)Zt +C
V., (volume eroded in cubic feet) = D?L
Because L can be represented as a function of D and the dam geometry, substitution yields:
D
v, = D? ((Hb -2)z, + C)

DZ;

Ver = D? (HyZ, — 22+ C)
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Reducing this equation yields:

D3Z;

Ver = (D2HyZ) — (=

)+ (0%C)

Separating and grouping by the power yields the final equation with only one unknown, D:

3Zt

2

D
Vor = D2(HpZ, + C) —

This cubic equation is difficult to solve explicitly, so an EXCEL look-up table was formulated to solve
for D, which is available from the Colorado Dam Safety Branch with an example.

The above method yields the most accurate theoretical piping hole size for the empirical volume eroded.
However, an approximate hole size can be calculated easily assuming H, = 0.7xH, and then determining
L and D from that with the basic geometry of the dam. This value of H,, was found to be close to the
theoretical Hj, for several trials made with different dams.

7.1.1.2  Spreadsheets

Two spreadsheets have been developed to assist the user with dam breach parameter estimation using the
empirical methods recommended above. In addition to calculating breach parameters, both spreadsheets
include an estimate of peak breach discharge, which is intended for use at the screening level of analysis.
The equation used to estimate peak breach discharge was developed for the Simplified DAMBREAK
program (Wetmore & Fread, 1984). This equation is discussed in more detail in Section 7.2.1 below.
Because the equation is based on the breach geometry, it will provide different results depending on the
empirical method chosen. Both spreadsheets include calculations to validate the results based on the
discussion in Section 7.1.1 above.

Macdonald & Langridge-Monopolis and Washington State Spreadsheet

The Macdonald and Langridge-Monopolis (1984) calculates dam breach parameters based on the Breach
Formation Factor (BFF). The BFF, which is product of reservoir storage volume in acre feet and reservoir
depth in feet, is used to calculate the volume of material eroded from the embankment (V,;) during breach
development. Breach dimensions are then calculated based on the geometry of the dam. The work of
Macdonald and Langridge-Monopolis was later refined by Washington State (2007). The Washington
State guidelines proposed new relationships for calculating the eroded volume and breach formation
times, depending on the erosion resistance of the material used to construct the embankment.

Based on testing the proposed relationships on a wide variety of embankments, the spreadsheet
calculations were selected using the preferred relationships as indicated in Table 3. The breach
development times (T;) for all cases are calculated using the relationships proposed by Washington State
(2007). Table 4 below summarizes the equations used in the spreadsheet based on the type of
embankment.
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Table 4 - Summary of Macdonald & Langridge-Monopolis and Washington State Spreadsheet
Calculations by Embankment Type

Calculation of Breach
Embankment Development
Embankment Type Volume Eroded Time Reference
(Ver) )]
Macdonald and Langridge-
Earthen (Cohesive) Ver=3.264(BFF)077 | Tr=0.036 1,036 Monopolis (1984) &
Washington State (2007)
Earthen (Cohesionless) Ver=3.75(BFF)0.77 Tr= 0.02 V036 Washington State (2007)
Vo= Macdonald and Langridge-
Rockfill e Tr= 0.02 V036 Monopolis (1984) &
0.852
0.714(BFF) Washington State (2007)

As discussed in Section 7.1.1 above, a piping failure may result in reservoir evacuation prior to full
breach development. To address this failure mode, the spreadsheet includes a feature to calculate piping
hole dimensions. The size of the piping hole, which is assumed to be square, is calculated based on the
embankment volume eroded (V,,) and the dam geometry. The peak discharge through the piping hole is
then calculated using the orifice equation. The calculation assumes that the piping hole forms
instantaneously by applying the head of a full reservoir. This conservative assumption is considered
adequate for a screening level analysis.

Froehlich 2008 Spreadsheet

The Froehlich 2008 spreadsheet was developed according to the relationships proposed by Froehlich
(2008). Using this method, breach dimensions are dependant only on the depth and volume of water
stored by the dam. This method does not consider dam geometry or the type of soil used to construct the
dam. The average breach width (B,,,) and failure time (Ty) are calculated as:

Bapg = 8.239K,V,0-32Hp%*

Vi
gH,

T, = 3.664 |—2

Where:

K, = Failure Mode Factor
Hp = Height of breach in feet
V= Reservoir volume stored in acre-feet

The spreadsheet automatically selects the K, value based on the user-selected failure mode. The values
are 1.0 and 1.3 for piping and overtopping failures, respectively. The spreadsheet allows the user to input
the breach side slope ratio, but it should be noted that Froehlich recommended values of 0.7 and 1.0 for
piping and overtopping failures, respectively.
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7.1.2 Physically Based Models

NWS BREACH is currently the most widely used physically based model that can be used to estimate
dam breach parameters. Based on Colorado Dam Safety Branch research into the BREACH program for
numerous case studies (see Appendix A), the following potential problems have been identified and
should be considered when using BREACH to estimate dam breach parameters:

1. Back-calculation of the piping orifice coefficient from BREACH output runs indicate the program
may over-estimate this coefficient within BREACH vs. hand-calculated values based on equations
developed by Fread (1988b). This problem appears to result in an over-estimation of breach flows for
some Small and Minor dams with low storage intensities and an under-estimation of breach flows for
dams with higher storage intensities.

2. The program causes the transition from pipe to weir flow to occur when the reservoir level reaches
one-half of the pipe height above the top of the pipe. In other words if the piping hole height is 10
feet, then the crest collapses when the reservoir is 5 feet above the top of the piping hole. Based on
observed dam failures of minor sized dams, this appears to force the collapse to occur prematurely.
When combined with the high piping orifice coefficient, this issue may tend to drain the reservoir too
rapidly and result in a smaller final breach configuration (less conservative).

3. After the crest collapses, the breach section gradually erodes laterally until the reservoir is drained
enough to halt additional erosion. BREACH does not consider the head-cutting potential, so the
lateral erosion may be overly simplified and the erosion rate is slow during this portion of the
simulation. This may tend to make the total failure time long (less conservative).

4. The modeling algorithm for an overtopping failure erodes through the downstream slope and crest at
the same grade as the downstream embankment slope using a sediment transport equation. Once the
crest is eroded, the program starts eroding downward through the upstream slope, which, at the
beginning erodes very rapidly straight down to the bottom of the dam without widening. Once the
breach is cut through the dam, the program widens the breach at a slow rate. This algorithm ignores
the head-cutting erosion process that actually occurs during an overtopping failure and results in a
final breach configuration that may tend to be narrow (less conservative).

These limitations should be taken into account when BREACH is used for performing hazard evaluations.
BREACH appears to be most applicable for Small or Minor dams with low storage intensities since the
alternative methods (empirical equations) sometimes yield very small breach dimensions and failure
times. Acceptance of this model for hazard classification studies will be allowed with reasonable
justification. The results must be validated with the other recommended methods.

7.2  Breach Peak Discharge Estimation

7.2.1 Empirical Methods

Equations for breach peak discharge estimates were developed for both the MacDonald & Langridge-
Monopolis (1984) and Froehlich (2008) methods. Wahl evaluated these equations by comparing
predicted peak discharges to actual peak discharges and found significant scatter between observed data
and that predicted by the equations. The Froehlich equation had the best correlation, but still could
significantly over-predict or under predict the peak flow. The MacDonald & Langridge-Monopolis
method is an outlier curve with significant scatter and appears to greatly over predict the peak flow. In
several analyses performed with this guideline, it was determined that the MacDonald & Langridge-
Monopolis equation produced peak flows significantly greater than that produced by an instantaneous
failure to the ultimate breach geometry. In other words, the computed peak discharge using a weir flow
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equation with the final breach configuration and the reservoir level at Hy, was less than that produced by
the MacDonald & Langridge-Monopolis peak discharge equation, which is impossible unless the
reservoir is infinitely large.

Wetmore and Fread (1984) provide an alternative to the MacDonald & Langridge-Monopolis (1984) and
Froehlich (2008) equations for breach peak discharge. This equation was developed as part of the
Simplified DAMBRK program (SMPDBK). It is essentially a weir equation of an instantaneous failure
with a reduction factor. This reduction factor is dependent upon the reservoir surface area at full storage,
the failure time, and H,,. As the size of the reservoir increases, this equation appropriately approaches
that of an instantaneous failure and the peak flow will never exceed the instantaneous failure value.
Because of the weir flow component of this equation, it is more physically based than a pure empirical
equation. The breach dimensions can be determined with empirical models, and then those dimensions
can be input into this equation to determine a predicted peak discharge. The equation is as follows:

Qp = 3.1BgygHy®

3
( 3 >
y +T¢y/Hy,

Where:

Qp= Dam break peak discharge in cfs

Bayg = Average breach width in feet

H,, = Maximum depth of water stored behind the breach in feet

Tr= Breach development time in hours

y = Instantaneous flow reduction factor = 23.4 A;/Bayg (equivalent to ‘C’ in Wetmore and Fread
(1984))

As = Surface area of the reservoir in acres corresponding to H,,

In several of the case studies analyzed in the preparation of this guideline, the predicted Q, using the
SMPDBK equation was greater than the actual computed peak flows using HECRAS, but the difference
was marginal. As such, the SMPDBK Peak Flow Equation tends to produce reasonably conservative
results. These equations provide only peak discharge values as opposed to a hydrograph. In cases where
routing of the flow is not considered or predicted empirically, this equation can be used as part of a
Screening level analysis and can indicate if a more sophisticated analysis is needed. For instance, if the
SMPDBK equation produces a peak discharge that shows the critical structure is clearly not inundated,
then the dam can be rated as Low Hazard and further work to determine a High or Significant Hazard
rating is not warranted. If the estimated peak discharge from the SMPDBK equation clearly inundates the
structure, then the dam should be rated as either High or Significant Hazard unless a more sophisticated
analysis shows that a lower hazard class is appropriate.

In cases where the piping failure mode is not expected to progress to a full breach, the weir flow
assumption of the SMPDBK equation above does not apply. In this case, a theoretical maximum breach

discharge can be calculated with the orifice equation assuming that the piping hole opens to its maximum
dimensions instantaneously:

D
Qp = CpD2 2g (HW - E)

Where:
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Qp= Dam break peak discharge in cfs

Cp = Piping Orifice Coefficient

H,, = Maximum depth of water stored behind the breach in feet
D = Dimension of square breach hole

7.2.2 Parametric Models

7.2.2.1  Hydrologic Models

Some hydrology models, including HEC-1 and HEC-HMS, include a parametric dam breach algorithm.
Breach parameters must be obtained using other methods and provided as input in the analysis including
failure mode (piping or overtopping), breach bottom width, breach side slopes, and breach development
time. A breach progression method must also be selected from the list that includes: linear, sine wave, or
user defined. In addition, HEC-HMS requires a piping orifice coefficient and starting elevation for the
piping failure mode and a weir coefficient for the overtopping failure mode. The HEC models simulate a
failure by enlarging a trapezoid-shaped breach with time in accordance with the specific progression and
geometry. The reservoir is drained through the breach opening in the duration specified by the
development time using the Modified Puls method, thus producing a breach outflow hydrograph.

A review of the methodology and results of several case studies (see Appendix A) reveals that this
method is adequate for most overtopping failure simulations, but issues regarding the piping mode failure
simulation were noted. Review of the HEC-HMS manual indicates that a piping failure is simulated by
expanding the piping hole radially outward around the starting elevation until the top of the circle reaches
the dam crest, at which time the breach transitions to a trapezoidal shape and continues progressing. Flow
through the circular opening is modeled as orifice flow, while the second-stage trapezoidal shape is
modeled as a weir. This modeling algorithm raises several concerns that should be considered when using
the piping failure mode in HEC-HMS:

1. Changing from a circular shape to a trapezoidal shape creates a discontinuity with the two different
methods and results in irregularities in the outflow hydrograph.

2. Having the radial piping hole expand all the way to the dam crest using the orifice flow equation
would mean that the reservoir level drops below the top of the orifice (pipe) for a certain amount of
time while the orifice equation is still being used. This scenario would be modeled more accurately if
the algorithm switched to the weir equation as soon as the water surface dropped below the top of the
pipe. The HMS algorithm causes irregularities in the outflow hydrograph including a sudden drop in
the flow when the reservoir level drops below the top of the pipe and a sharp increase when the model
changes from orifice flow to weir flow.

3. Review of the case study results along with back-calculations show that the piping head used in the
orifice flow portion of the model is measured from the designated starting piping elevation for all
intervals regardless of the starting reservoir elevation. This situation would be modeled more
accurately if the piping head were measured from the center of the piping hole at all times. If the
starting piping elevation is set at the bottom of the dam, then the piping head is measured from the
bottom of the piping hole as the hole only expands upward radially and the bottom half of the piping
hole is ignored (because it is underground).

The first two issues described above only cause discontinuities in the shape of the hydrograph and would
probably not have a significant impact on a hazard evaluation. However, the third issue, with the starting
elevation set at the bottom of the dam, tends to cause an unrealistic increase in flow through the piping
portion of the failure by overestimating the piping head as the hole expands. This tends to create a very
sharp and high peak outflow within the piping portion of the failure. It also tends to cause a more rapid
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decrease in the reservoir level with higher flows occurring during the piping stage of the failure. As such,
the peak of the breach hydrograph usually occurs during the piping mode of failure as opposed to during
the weir flow mode. To resolve this issue when modeling a piping failure breach with HEC-HMS, it
is recommended that the starting piping elevation should always be set at the mid-point of the final
breach height. This will ensure that the head is always measured from the center of the pipe/dam. A
comparison of HEC-HMS results (with the starting elevation set at the center elevation of the reservoir) to
HEC-RAS results (with a piping failure starting at the bottom of the reservoir) showed similar peaks and
time to peaks in the resulting breach hydrographs.

The HEC-1 model simulates a dam breach by assuming weir flow through a trapezoidal section that
progresses linearly from no breach at the top of the dam to the specified final parameters at the bottom of
the breach in the time T¢. The piping portion of a failure is not considered and the only progression
available is linear. Therefore, the results may not be valid for a piping failure of a smaller reservoir when
the piping portion may be significant enough to impact the final hydrograph.

Due to the above issues, caution should be exercised when using HEC-1 and HEC-HMS to simulate a
piping failure, especially when the final results at a critical location downstream indicate a borderline
situation between hazard ratings. However, because of their simplicity and ease of use, both models are
valuable for simulating an overtopping breach for a simple or intermediate analysis. Also, for a simple or
intermediate analysis of a piping failure, HEC-1 can be useful for a larger reservoir when the piping
portion of the failure is not as significant and HEC-HMS can be useful if the starting piping elevation is
set at mid-height of the reservoir behind dam.

7.2.2.2  Hydraulic Models

The latest versions of the HEC-RAS model include algorithms to model both overtopping and piping
breaches. HEC-RAS uses hydraulic principles through cross sections upstream and downstream of the
dam to define how the reservoir drains during the formation of a dam breach. The dam crest is modeled
as an inline weir and either a piping failure or overtopping failure is simulated with enlargement of the
breach occurring over time as defined by a specified breach progression. Flow through the piping hole is
calculated as orifice flow and flow through the breach is calculated as weir flow. The water surface
profile upstream of the dam is back-calculated using unsteady momentum and hydraulic principles for
each time step and the resulting drawdown through the hole and/or breach produces an outflow
hydrograph. Resulting water levels for each time step downstream of the dam are used to model potential
backwater effects and the weir and orifice coefficients are automatically adjusted for submergence, if
necessary. HEC-RAS can also model a piping failure that does not progress to the point of collapsing the
crest. In this scenario, the piping hole is simulated as a sluice gate.

Compared to HEC-HMS, the HEC-RAS program models a dam failure, especially a piping failure, more
correctly and accurately for the following reasons:

1. Modeling a dam failure using hydraulic principles is usually more accurate than a hydrologic model
because the modeler can more accurately simulate the shape of the reservoir, tailwater effects, and
drawdown effects. Put simply, a dam failure is more accurately defined as a hydraulic process than a
hydrologic one. HEC-RAS has the capability to model the pipe with an initial piping elevation set at
the bottom of the dam (most piping failure situations); the piping hole is modeled as a rectangular
hole, which is more consistent with the final trapezoidal shaped breach section, thereby reducing
discontinuity. The bottom width of the hole enlarges proportionally to the final bottom width
according to the selected progression, as does the height of the hole toward the final breach depth.
This will make the hole height/width ratio greater than one if the final breach parameters chosen show
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a bottom width narrower than the dam height, but since the orifice flow is based upon the area of the
orifice and not the width versus the height, this is a valid assumption.

Once the water level drains down to the top of the enlarging piping hole, the crest is assumed to
collapse and the algorithm transitions to weir flow. The bottom width and the top width of the breach
continue to enlarge laterally until the final defined width and side slopes are reached. Unlike HEC-
HMS, HEC-RAS never assumes orifice flow with a reservoir level below the top of the piping hole.
It should be noted that in several modeled case studies, the crest collapses when the height of the
piping hole reaches near 0.6H, and the peak flow occurred in the weir flow portion of the failure soon
after the crest collapses. This is dependent on the drawdown rate versus the breach progression, and
selected final parameters, but helps support the reasonableness of the program.

Unlike HEC-HMS, the piping head used in orifice flow is measured from the center of the piping hole
at all times regardless of its location and size.

One cannot model a non-breaching piping failure in HEC-HMS. This mode of failure occurs when
the reservoir volume relative to the dam’s size (storage intensity — SI) is small enough that the
reservoir would drain through the hole before the crest collapses and forms a breach. The specific
situations when this would occur are discussed in detail in section 7.1.1.1, but is a potential situation
for tall (say greater than 35”) Small dams with a volume less than 100AF when SI is less than or equal
to 2.5 and Minor dams when SI is less than or equal to 1.5. Instead of using the breach routine, HEC-
RAS can be forced to model a progression of this mode of failure using a sluice gate and a square
hole while manually entering the gate opening at a chosen rate to the failure time.

Unfortunately, with the more accurate HEC-RAS method, more time consuming and detailed input is
required as follows:

1.

Dam and spillway data are needed to define the dam as an inline weir. HEC-RAS version 4.0
includes the capability to model the dam crest weir flow and breach weir flow with different weir
flow coefficients. A weir coefficient of 3.08 is appropriate for the breach section. A weir flow
coefficient of 2.6 is appropriate for the dam crest.

HEC-RAS must have a base flow to perform an unsteady simulation. For on-stream reservoirs that
are normally full and spilling, it is recommended to use an estimate of an average year spring runoff
monthly flow extrapolated from nearby gages. As discussed above, the spillway needs to be modeled
to pass this flow at the correct “normal” spring runoff elevation. For off stream reservoirs and/or
when the reservoir is not normally above the emergency spillway crest, a fictitious outlet using the
sluice gate option needs to be input to pass the base flow without exceeding the emergency spillway
elevation. The pipe hole size may be calculated based upon this base flow using the orifice flow
equation. In this situation, the base flow can be estimated from normal to peak runoff. The fictitious
outlet and base flow may have to be adjusted if there are stability problems in the model.

Breach parameters, including the mode of failure (piping or overtopping), breach width, side slopes,
and failure time are all similar to the HEC-HMS input data and need to be obtained from other
sources. Also, like in HEC-HMS, a breach progression curve (either linear, sine wave, or a user
defined curve) along with a piping orifice coefficient and starting elevation for a piping failure and a
weir coefficient for overtopping must be specified. The starting water surface elevation may be
specified anywhere between the bottom and top of the reservoir and HEC-RAS will enlarge the
piping hole and compute the orifice flow. Although the most realistic starting piping elevation is
usually around the outlet pipe, a sensitivity analysis sometimes reveals that a different piping
elevation may produce the most “realistically conservative” result. Recommended options for the
orifice and weir coefficients along with progressions are discussed later since these parameters are the
same for both HEC-HMS and HEC-RAS.
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Detailed instructions on how to build a HEC-RAS model is not within the scope of this document.
However, a few “Rules of Thumb” for establishing a stable working model are provided as follows:

1.

The model can simulate a reservoir as either a storage area with a defined stage-storage
relationship, or as a series of cross-sections cut through the reservoir. The storage area method
has the benefit of accurately modeling the actual storage within the reservoir, but it does not
calculate hydraulic losses as water in upper portions of the reservoir travels to the dam breach.
The USACE HEC has produced a guidance document for modeling a dam failure with the storage
area method. This document is provided in Appendix B (Gee, 2006).

As outlined in Appendix B, the HEC-RAS model must contain at least two cross-sections
upstream of the dam. The furthest upstream section is connected to the storage area and the
downstream section is associated with the dam which is modeled as an in-line structure. Adding
a third section between the 2 sections upstream of the dam is also recommended to allow for a
better solution of the unsteady flow analysis. In order to add the third section, the section at the
upstream toe can be simply copied upstream one foot to provide the connection to the storage
area. Then, one section can be interpolated half-way between to generate the third section. It is
important to keep the distance between these sections small to prevent inadvertently increasing
the storage of the reservoir.

Of the two sections upstream of the dam, the downstream section parallels the dam along its
upstream toe. It can be defined from known bathymetric data, or it can be easily defined as a
simple trapezoid with its top width coinciding with the length of the dam crest and at the crest
elevation or slightly higher, and the bottom points coinciding with the toe of the dam at its
maximum section. The bottom width of the trapezoid should be equal to or greater than the
breach bottom width. This simple section is acceptable because it is not used for hydraulic
calculations or to define the storage within the reservoir. The storage is defined by a user-input
elevation-storage table.

The dam is defined by the crest profile input as an in-line structure. The crest profile is
superimposed onto the cross-section immediately upstream of the dam. When simulating a dam
breach, the breach geometry is cut into the crest profile with the specified breach geometry and at
the user-defined rate.

It should also be noted that in HECRAS 4.0, it is necessary to set the bottom elevation of the
cross-sections upstream of the dam at or above the minimum elevation of the stage-storage
defining the reservoir storage. Any storage input below the minimum elevation of the breach will
be treated as dead storage.

At least two sections downstream of the dam must be established to model the failure and address
tailwater effects. The first one is at, or just downstream of, the dam’s downstream toe. The
lowest section is then established far enough downstream to help establish the downstream
channel slope and tailwater submergence effects. Do not add any more sections downstream until
the failure can be modeled satisfactorily.

If bathymetric data are available for an oddly-shaped reservoir (long and skinny or very wide), a more
accurate way to model the breach would be to cut cross-sections through the bathymetric surface.

1.

Define two cross sections upstream of the reservoir, with the second one being set at the high-
water line of the reservoir. These sections do not define the reservoir so their configuration is not
critical, but they are needed to start the model.

When utilizing the cross section method, the sections within the reservoir need to capture
significant changes in the ground slope (if known) and shape of the reservoir. Set the overbank
stations at the high-water line. The Manning n-values in the reservoir are usually low because of
the reservoir depths and a drained reservoir is void of vegetation. However, for steeper and wide
reservoirs, it may be necessary to increase the roughness in the basin for model stability as the
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dam fails. It is also advisable to set the bottom of each reservoir cross-section as a point with no
width slightly below the invert viewed on the contour lines to help with model stability.

3. The use of interpolated sections within the reservoir basin is usually not necessary. In fact, too
many sections may cause stability problems. However, if certain segments of the reservoir are
steep, then interpolated sections may be needed.

4. The downstream-most section in the reservoir (which defines the inline weir/dam) is obtained
from a section along the upstream toe that parallels the dam. Like other sections in the reservoir,
set the bottom of a point slightly lower than the breach bottom at its center for model stability.
Since HEC-RAS does not recognize water downstream of this section that lies against the
upstream slope, placing this section (distance-wise) half-way between the upstream toe and crest
usually helps in establishing the correct volume. The distance to the crest, side slopes of the dam,
and distance to the downstream section will have to be reduced to compensate, but this has no
influence on the computations or results.

The DAMBRK model is mentioned here as an alternative to using HEC-RAS to model a dam failure. It
has the capability to model overtopping and piping dam failures with an input of the final breach
parameters similar to HEC-RAS. The BOSS version of DAMBRK is much more user friendly than the
original NWS DAMBRK model. A significant drawback for using DAMBRK is the cross-sectional input
requirements maybe over simplified for routing dam break floods downstream because it requires the
same number of points at every cross section and the model seems to have more convergence problems
than HEC-RAS. For very long reservoirs, where the hydraulics inside the reservoir basin during a dam
failure may have a significant impact on the hydrograph, a different routine within the DAMBRK
program allows for defining the reservoir with cross sections. However, due to the convergence and over
simplification of the sections, it would probably be better to use HEC-RAS for this situation.

7.2.2.3  Parameters Common to Hydraulic and Hydrologic Models

Both hydraulic and hydrologic parametric models require additional input beyond the breach parameters
discussed so far. These parameters include orifice flow coefficients, weir flow coefficients and breach
progressions. Depending on the type of parametric model used (hydraulic or hydrologic) and the mode of
failure being modeled (piping or overtopping) the recommendations for some of these parameters may
change.

7.2.2.3.1 Oirifice Coefficients (Cp)

The orifice coefficient defines flow through the piping hole before the models shift to weir flow as

Q =C,A ’Zng
Where:

H, = Piping head (difference between the water level and the centroid elevation of the piping-
hole)

Cp» = Piping Orifice Coefficient

A = Cross sectional area of the piping hole.

Danny Fread, author of the BREACH program, outlines a method of computing the orifice coefficient,

C,, which is dependent on the material of the dam and length and size of the piping hole. This equation is
based upon the Darcy friction factor ( f) where:
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Where:
Dsp= Average grain size in millimeters for the dam embankment material.
D = Piping hole width in feet (assumed to be square).

And:

C. = 1
P~ —fL
1+f

Where:
L = Length of the piping hole (in feet) along its centerline.

C, varies from very small for a long L and small D value, as seen during the initial piping stages, to
values approaching 1.0 for very large piping holes and shorter L values. C, is always less than or equal to
1.0. G, is also inversely proportional to the grain size, being larger for smaller Ds, values. This approach
seems reasonable, but unfortunately, it appears that BREACH does not use it correctly (see discussion
under “Physically Based Models”) and both HEC-RAS and HEC-HMS, use a constant C, value. Using
an average C, from this equation in both HEC-RAS and HEC-HMS computed for various piping hole
sizes appears reasonable and appropriate.

Using the orifice coefficient equation for various size dams and varying the potential piping hole sizes
froma D = 0.1 ft to 0.6 H, shows that C,, varies from 0.1 to 0.87. The average computed C, values, while
uniformly varying D for dams with coarse-grained material and fine-grained material, are shown in Table
5 below.

Table 5 - Recommended Orifice Piping Coefficients Based on Dam Height

Height of Dam, #,, (ft) Average Cg, g;); ((:)(?ggsli rgn I;:\ined soils Averagzoci%,sfz)lr) jﬁ(e)g Iali;ri? clayey
100 0.70 0.77
50 0.68 0.75
30 0.66 0.74
20 0.64 0.73
10 0.61 0.70

Table 5 shows that the average C, is close to 0.7 for all typical dams and it is reasonable to assume this
value for most analyses. As the height of the dam gets smaller, a C, of 0.6 can be assumed; for very large
dams with fine grained material, a C, of 0.8 can be assumed. Table 5 is for typical dams with 3:1
upstream slope, 2:1 downstream slope, and corresponding typical dam crest widths. For borderline
hazard ratings, when more detailed analysis is required and the dam has very coarse grained material or
the dam cross sectional varies from the typical section, it may be necessary to use the aforementioned
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equation for different piping hole widths to calculate an average Cp. An EXCEL spreadsheet has been
developed for calculating C,, and is available from the Colorado Dam Safety Branch. Note that choosing
a high C, is not necessarily more conservative than using a low C,. In fact, in many cases, the opposite
occurs. A high C, will cause more water to drain through the piping hole before the transition to weir
flow and the resulting peak during weir flow may actually be lower. This situation is dependent on
several factors and there is no rule of thumb regarding choosing a conservative value for C,. In some
borderline cases, a sensitivity analysis of C, may be warranted.

7.2.2.3.2 Weir Coefficients (Cy)
Piping Failures

After the dam crest collapses, the breach section erodes laterally and outflow through the breach is
modeled as weir flow. During a piping mode, the configuration of the weir consists of a flat approach
channel through the breach with a vertical drop-off to the tailwater section resulting from head-cutting
during both the piping mode and weir flow. For free-flow conditions through the breach (no tailwater
effects), critical depth at the drop-off becomes the control and the reservoir level upstream equals the
corresponding energy grade line. Back-calculating a corresponding C,, for this situation, shows C,, =
3.08. This is supported by King and Brater’s Handbook of Hydraulics, which states the maximum
allowable weir coefficient for a broad-crested weir is 3.087. The value of 3.08 is automatically used in
HEC-HMS and it is recommended for use for all piping situations in HEC-RAS.

Overtopping Failures

The weir coefficient is defined with the dam top for both HEC-HMS and HEC-RAS for an overtopping
failure. It is not only used to define the flow through the breach during the failure, but is used to define
the flow over the dam before failure. In reality, this situation would warrant two different weir flow
coefficients, but that capability is not available.

During the overtopping phase before failure, the crest acts like a broad crested weir with side slopes.
Extrapolating from King and Brater, C,, is usually around 2.6 to 2.8 for a typical dam, but can vary from
2.6 to 3.087 for a broad crested weir.

During the breach and after the crest and downstream slope have eroded severely, the crest width is
reduced to almost zero and the downstream slope can approach vertical due to head-cutting. This would
increase the free-flow C,, value to over 3.0. HEC-1 automatically uses 3.1 for an overtopping failure,
which appears appropriate for modeling a dam failure assuming no crest and a vertical downstream slope.
Note that HEC-RAS will automatically adjust this value for tailwater effects if the weir flow becomes
submerged, so the free-flow C,, should always be specified.

If the user is using earlier versions of HECRAS where only one C,, can be specified, the flow during the
breaching of the dam after erosion of the downstream slope and crest is more critical than the overtopping
flow prior to breaching and it is best to use the C,, for the breaching portion. A value of C,, = 3.08 should
be used for overtopping failures. If it is critical to maintain the water surface elevation overtopping the
dam by the defined inflow, the crest profile length can be adjusted to hold the water surface at the same
elevation as if a smaller C,, were used (i.e. adjust the dam length to control the computed water surface
elevation in the reservoir). However, since HEC-RAS version 4.0 includes the capability to model the
dam crest weir flow and breach weir flow with different C,, values, the crest profile length will not need
to be adjusted.
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7.2.2.3.3 Breach Progressions
Piping Failures

A breach progression must be specified for both HEC-HMS and HEC-RAS piping failure analyses. The
breach progression defines the rate at which the piping hole or breach width enlarges with time. Both of
these models allow the user to choose a linear progression, sinewave progression (starts out slowly, with a
more rapid increase in the center of the progression and then ending more slowly), or a user defined
(manual) progression. DAMBRK allows the user to choose a linear progression or exponential
progression.

Generally, it has been observed that breaches progress slowly at the start and end of a failure and more
rapidly in the middle of the progression. This leads one to believe that the sinewave progression most
accurately models a breach. However, if the hydraulics downstream of the dam create enough tailwater to
affect the outflow hydrograph, then a linear progression may be more appropriate if the model used
cannot take submergence into account.

When using HEC-HMS, there was minimal difference in the results between the linear and sinewave
progression methods for the cases studies evaluated for these guidelines and there was no consistency as
to which progression produced the larger peak flow. It is hypothesized that this inconsistency is a result
of the fact that HEC-HMS cannot account for tailwater effects. It is therefore recommended to check
both the linear and sinewave progressions with HEC-HMS and use the one that produces the most
conservative results.

More sensitivity to the selected breach progression was observed when using the HEC-RAS program for
the case studies evaluated for these guidelines. The HEC-RAS results showed that the sinewave
progression produced the higher peak flow in all cases. It is hypothesized that HEC-RAS’s ability to
account for the tailwater effects through its hydraulic calculations may contribute to the lower peak
discharges calculated when the linear progression is used. Using the linear progression in HEC-RAS may
be similar to accounting for the tailwater effects twice which results in a less conservative peak discharge.
Because of this, the sinewave progression is recommended for use in HEC-RAS models using
parameters based upon empirical methods.

Overtopping Failures

Like with piping failures, a breach progression must be specified for both HEC-HMS and HEC-RAS
analyses of overtopping failures. Overtopping failures do not have the transition from orifice to weir flow
with a crest collapse that a piping failure requires. The breach progression is therefore not as variable and
a more uniform progression rate is applicable. In an overtopping failure, the failure time is assumed to
start when the upstream slope starts eroding. This may not happen until a significant time period after the
dam starts to overtop. Both the linear and sinewave progressions are appropriate in this situation.

For both HEC-HMS and HEC-RAS, there was not much difference in the results between the two
progression methods for the one overtopping case-study analyzed. HEC-HMS produced peak flows that
were within 8% of each other and the HEC-RAS results were within 1%. As discussed above, it is
recommended to check both methods and use the most conservative results (i.e. highest peak
discharge). Tailwater factors may also have an impact and should be considered where appropriate.
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7.3 Breach Flood Routing

Routing of the dam breach discharge hydrograph is a required step in a hazard evaluation or development
of flood inundation mapping for Emergency Action Plans for all but the screening approach. Routing of
the breach hydrograph is performed to evaluate the attenuated or reduced peak discharge at critical
locations downstream of the dam. In addition to calculating the attenuation, determining the flood wave
arrival time and the depth/velocity of flow at those critical locations are also very important parts of the
analysis. If required, inundation mapping can also be generated from a hydraulic model of the
downstream failure path. There are many references available that cover flood routing in detail. A brief
summary of the available methods is provided here.

Hydrologic routing employs the continuity equation and an analytical or an empirical relationship
between storage within the reach and discharge at the end (USACE, 1994). In the absence of significant
backwater effects, the hydrologic routing models offer the advantages of simplicity, ease of use and
computational efficiency (USACE, 1994). Hydrologic routing models provide attenuated flow
hydrographs at locations of interest, but cannot provide information on water surface elevations or flow
velocities.

Hydraulic routing employs the continuity equation and both energy and momentum balances to calculate
open channel flow profiles. These equations are often referred to as the St. Venant equations or the
dynamic wave equations (USACE, 1994). The full unsteady flow equations have the capability to
simulate the widest range of flow situations and channel characteristics. Basic data requirements for
hydraulic routing techniques include: Flow data (hydrographs), channel cross-sections and reach lengths,
roughness coefficients, and internal boundary conditions. Hydraulic modeling is further subdivided into
steady flow analysis and unsteady flow analysis. The difference between steady and unsteady models is
the treatment of time. In unsteady flow, time dependent changes in velocity are analyzed explicitly as a
variable, while steady flow analysis models neglect time all together (USACE, 1993). HEC-RAS can be
utilized for both steady and unsteady flow analyses.

The HEC-RAS dynamic unsteady flow model is recommended for all situations if the accuracy and detail
is needed for determining a hazard rating (e.g. borderline cases). However, if accuracy is not critical and
the channel slope is greater than two feet per mile, a hydrologic routing technique may be more
appropriate.

7.4 Hydraulics at Critical Locations

The final step in a breach analysis is the estimation of the hydraulic conditions at critical locations. This
step is required to determine the depth of flooding and flow velocity to determine the appropriate hazard
classification. The hydraulic model can also be used to generate inundation mapping if required. There
are two general approaches to this step: Steady State and Unsteady.

In situations where hydrologic tools are used to route the breach hydrograph to critical locations, but
where estimation of flow depths and velocities are still required, a simple normal depth calculation can be
used in the absence of backwater effects. Manning’s equation is recommended for calculating normal
depth because it is widely accepted for uniform open channel flow within the United States. There are
numerous tools that can be utilized to solve Manning’s equation, including calculation by hand. Hand
calculation is usually cumbersome and difficult because the channel geometry tends to be complex at
critical sections. In this case, a program such as Flowmaster or HEC-RAS may be used. The input
parameters are flow, roughness coefficients and channel slope. If the channel geometry is anticipated to
produce backwater effects that invalidate the steady, uniform flow assumptions of normal depth, then a
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HEC-RAS model of the reach should be created and a steady flow simulation run to calculate the
hydraulics of the critical location.

The fully dynamic unsteady flow analysis model is a single step process that can be used to route the
breach hydrograph and calculate the peak water surface profile and flow velocity. Since the model
calculates velocity and water surface elevation changes with respect to time, it can also be used to
determine the amount of time it takes for the flood wave to reach critical locations anywhere along the
flood path, which is required for Emergency Action Plans. National Weather Service models DAMBRK
and FLDWAYV both model unsteady flow but their use is becoming less frequent since neither model is
supported by non-proprietary entities at this time. HEC-RAS is the recommended tool for hydraulic
unsteady flow analysis. This free model is continually being upgraded, is supported by the U.S. Army
Corps of Engineers, and is widely accepted as the current state-of-the-practice open channel flow
hydraulic model within the civil engineering community.

8.0 Limitations

Through the course of development of these guidelines, every effort was made to make the
recommendations as useable as possible over a broad range of conditions. Each dam is unique, and
individual cases may require different modeling approaches than those recommended herein. Different
modeling approaches may be appropriate on a case-by-case basis with proper justification provided. Due
to unknowns within these analyses and assumptions that must be made, engineering judgment must be
applied to the results of all dam breach analyses. In most cases a sensitivity analysis will be required to
verify that the assumptions used provide conservative, yet realistic results.
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concepts include allowing simplified (equation) analysis for proposed and existing small dams
and existing intermediate sized dams (defined by Texas). Full analysis is required for proposed
intermediate sized dams and large dams.

Froehlich, D. C., (2008). Embankment Dam Breach Parameters and Their Uncertainties, Journal of
Hydraulic Engineering, Vol. 134, No. 12, May, pgs 1708-1720.

Summary: Study of data from 74 embankment dam failures was used to develop mathematical
expressions for the expected values of final width and side slope of a trapezoidal breach along
with its formation time. Variances of the predicted quantities are also calculated. Monte Carlo
simulation is used to estimate degree of uncertainty of predicted peak breach flows.
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J.M., Smith, J.B., Lantz, D., (2008) Sensitivity Analysis of Dam Breach Parameters for an
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State Dam Safety Officials, Indian Wells, CA, ASDSO, Lexington, KY
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Summary: The Dam Safety Interest Group DSIG of CEA Technologies, Inc. (CEATI) is an
international group of dam owners that pursues collaborative research on dam safety issues. This
paper summarizes recent and planned activities of the group. Activities include advancing and
improving methods of estimating dam breach discharges. Work is systematically being done to
establish a good set of real world data from actual dam failures. These data will be used to verify
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Hollywood, FL, ASDSO, Lexington, KY
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APPENDIX B

HEC-RAS EXAMPLE - UPSTREAM STORAGE AREA
CONNECTED TO A CHANNEL WITH A DAM THAT FAILS
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HEC-RAS Example — Upstream Storage Area Connected to a Channel
with a Dam that Fails

The Situation:

Downstream _——/

Reach

The lake has an area of 500 acres with the bottom at elev. 100 ft. (or a volume of 15000
ac-ft at elev. 130 ft. and zero ac-ft at elev. 100 ft.) The downstream routing reach
channel is a simple trapezoid with 20 ft. wide bottom, side slopes of 1:1, Manning’s n of
0.03 and is about 10 miles long, with a slope of 10 ft/mile.

The dam is located at RM 9.900. The dam crest is at elev. 120 ft. The entire dam fails in
1 hr. The failure begins one hour after the start of the simulation. Base flow is 200 cfs.
(Note, you should also set the “PILOT FLOW” at the dam to 200 cfs.) The inflow to the
lake is a constant 10 cfs.
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Summary of Data Input Steps:

1. Draw the storage area in the geometric data
editor
Geometric data editor— Storage Area (the top one)

2. Assign data to the storage area — either constant surface area or elevation-capacity
data.
Geometric data editor—Storage Area (the left one)

3. Draw the reach starting within the storage area and give it a name.
Geometric data editor—River Reach (top)
Note: The direction in which you draw the reach determines which end is upstream and
which is downstream. So, start at the storage area.
(To check that the reach is properly connected to the storage area;
Geometric data editor—Tools (top)—Reach Connectivity)

4. Insert the cross sections and interpolate as necessary.
Geometric data editor—Cross Sections (left)
Geometric data editor—Tools (top)—XS Interpolation

5. Now insert the dam (inline structure).

Geometric data editor—Inline Structure (left)—Options—Add an Inline Structure
(Remember, it must be located at least two cross sections downstream of the lake. If your
dam has no low level outlets, consider using the pilot flow data entry for the dam.)

6. Select the time window and first estimate of the computational time step in the
Unsteady Flow Simulation window.

7. Insert the boundary condition data. The only
boundary condition identified for reach 1 is the du

downstream boundary; which has been chosen to be normal depth for this problem. Note
that in this case, the storage area, named “Lake”, has an inflow (Lateral Inflow Hydr.).

8. Insert Initial condition data.
Unsteady flow data editor—Initial Conditions tab
Remember that the initial elevation of “Lake” and the corresponding initial stage at
the section immediately upstream of the dam_must be specified in the Initial
Conditions window. This defines the starting pool elevation for your simulation.
Unsteady flow data editor—Options—Internal RS Initial Stages
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IMPORTANT NOTES, HINTS and COMMENTS:

1. When starting a new HEC-RAS project, the number of warm-up time steps is
defaulted to zero. You should always use warm-up time steps for a dam break simulation
that is not starting from a hot start file. Select 20 to 40 warm-up steps for this type of
problem. This option is found under: Unsteady Flow Analysis — Options—Calculation
Options and Tolerances

2. The number of cross sections upstream of the dam must be at least two: one
associated with the inline structure (dam) and one to connect the reach to the lake. (It is
my experience that sometimes three cross sections between the dam and the lake may
allow a better solution because the two that are required are both, in effect, boundary
conditions. Therefore, if you only use those two, you have two adjacent boundary
conditions which does not allow the solution of the unsteady flow equations to apply in
the reach.) Regardless, an initial internal stage must be set at the section immediately
upstream of the dam that matches your initial pool elevation. This makes the water
surface equal to the pool elevation in the approach reach at time zero. Remember to
change this each time you evaluate a different starting pool elevation.
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o

e

m and Flow Ratio Table ...
Observed (Measured) Data r

Flow Minirmu

Old River Diversion Adjustment ...

Condition Types
Stage Hydrograph I Floww Hudrograph | Stage/Flow Hydr. I

Rating Curve |
Mormal Depth I

Lateral lrmflow Hodr. | [rifarm Lateral o I Froundimater [mtertlow |

1.5, Gate Openings I Elew Controlled !5 ates |

Hiawigation [ams I |B Stage/Flaw | @l
RS Boundary Condition Type

Riiver Fieach
D5 reach 1

Storage Area and 54 Connechions:

Storage &rea: Lake ;I Add a Boundary Condition Location

Storage Area or 54 Connection
Storage Area; Lake

Boundary Condition Type
Lateral |nfloosw Hydr.

2

Initial internal water surface elevations set
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!

Riner: IDS reach

Reach: |1

Delete owis).. | Add Multiple... |

Add an Initial Stage Location I

River

05 reach

381132
9.71698"
3.62264*
9.52830¢
9.43396"
3.33362"

k. Cancel

Riiwer: IDS reach

Delete rowfs).. | Add Multiple... |

Reach: I'I LI River Sta.: IEI,EII:IEEE* vI Add an Initial Stage Location I
Locations and Initial Stages
River Feach RS Elev
1| D5 reach 1 10.0 119
2| D5 reach 1 9.90566" 119
k. Cancel

3. Suggest that you start with a time step of 30 sec.

4. Suggest that you use a cross section spacing of 500 ft. in the downstream reach. So,
if you use the time-saving interpolation approach; the distances between the sections
upstream of the dam should be modified. Say that the dam is 300 ft. downstream of the
lake connection; then we have the first two sections 200 ft. apart and the next two 500 ft.
apart with the dam 100 ft. d/s from the second section. Like this:
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Sitructure

-

Lateral
Structure

5od]

Storage
Area

Storage
Area Conn,

87.57, 28083

5. Run the simulation without the dam failing first. Include the inline structure and
breach information in the data, but uncheck the box in the Breach Plan Data Editor to
breach the structure.
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H-I}ﬂm (Inline Structure) Breach Data J
1 9.75 L] ﬂﬂ Delete thiz Breach | Delete all Breaches I
[~ Breach This Structure:
Ereach Plot ] Breach Progression |
R |2'37 ASDSO workshop Plan: 3 u/s Secs  7/31/2006 ij
Final Battarn Elevatian: Ir 12ui Lencod
Left Side Slope: i gin) ol
Right Side Slope: i : R
Full Farmation Time [hrs): |17 % 110 s
Failure b ode: IW] ":l% 1
Fiping Coefficient: Ii % 105;
Inital Piping Elev: | o
Trigger Failure at: | Set Time - ]
Start Date |29ul2006 951 ; ; ; ; ; ;
S IW 0 10 20 30 40 50 60
Station (ft} Jj
A v
ok ] Cancel ]

This will allow you to test the system with the lake description, boundary and initial
conditions, etc. without the complication of the dam failure hydrograph. It also provides
the base, without failure, condition.

6. Simulation Period. For this problem, you can start testing with about a six hour
simulation; say from 29July2006 at 12:00 to 29July at 18:00. To view the complete
progression of the hydrograph through the reach will probably take a simulation period of
36 hrs.
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How to build the data set:

1. Draw the storage area in the geometric data editor.

“_ Geometric Data - upstream SA demo = [=1 <}
File Edit VWoo&s Help

er | Storage N Purmp
ach | Area Cof Station

- =
Editors’ - G. 1747

Fie Edt View Tebes Tools Hep

(see Viewsset

e oo |
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2. Assign data to the storage area — either constant surface area or elevation-capacity

data.

'Storage Area Editor

Storage Area: IELake ;i ilﬂ

Connections and References to thiz Storage Area
( 5 R5=100 |

" Areatimes depth method — Area [acres]: IEEIEI

kdir Elew: |1 ]

Elevation | Yalume [acre-ft] -
100. 0.
130. 15000,

D0~ Lo —

Plot Yol Elev . | oK Cancel |
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3. Draw the downstream reach starting within the storage area and give it a name.

. Geometric Data - upstream SA demo = |E—{!
River |Canal -
Reach: [1]
(3 Cancel
Some schematic data outside defaut extents (see View/Set Schematic Plot Extents...)
ol 5
1033, 0.2305 |

Now you might want to be sure that your reach is connected properly to the storage area:

10
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Tool
Editors"

Section

Ed

dg/Cal

Inline.
Stiucture

Leteral
Structurs

Storage
ez

=

orage
Area Conn,

HE

Pump
Station

HTah

Param

g
Picture

Junet.

Cross

5

s [ Fiver [Gtorage
ach | frea

S Interpolation
Channel Modification ...
Graphical Cross Section Edit
Reverse Stationing Data ..
Cross Section Points Filter ...
Fixed Sedment Elevations ...
Pilot Channels
Ineffective Areas - Set to Permanent Mode. ..
Ineffective Areas - Fix Overlapping ...
Datum Adjustment (River Nodes) ..
Datum Adjustment (Storage Areas) .
GIS CutLine Check ...
GIS Coordinates

B

Flot GIS Profile Reach Bounds ...

Reach Crder —> Find Loops

Flow Roughness Factors ...
Seasonal Roughness Factors ...
Design Cross Sections .

Some schematic data outside default extents (see View/Set Schematic Plot Extents...}

Z3

11

4:137313543‘
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ic Data - upstream SA demo IQ@\}

Reach a;nm.’étmfy

[ [River  [Reach  [Updunction  [UpStoragedrea  [DnJunction  |Dn Storage Area
1| Canal 1 Lake

Clipboard | Print... Fie.. |[i e |

‘Some schematic data outside default extents (see ViewiSet Schematic Plot Extents...)
4

v
0.0728, 0.5963. |

Check that the storage area is correctly connected to the reach (as the upstream boundary)
- look at the “Reach Connectivity” table under “Tools” in the geometric data editor.
(Also can check by looking at the unsteady flow data editor screen. Note that there is no
entry for the upstream-most cross section which, in this case, is RM 10.0. That means
that RAS is using the lake stages as the upstream boundary condition.)

12



4. Insert the cross sections and interpolate as necessary.

Taols [ River Sturat- XS Interpolation

Reach | Area

Editors’
Graphical Cross Section Edit ...
Junet ph A
@ Reverse Stationing Data ...
Cross Section Points Filter ...
Cross Fixed Sediment Elevations ...
Section

\_uc' Pilot Channels ...

Ineffective Areas - Set to Permanent Mode...

Erdig/Cul
& Ineffective Areas - Fix Overlapping ...
Datum Adjustment (River Modes) ...
5 Inlirie: Datum Adjustment (Storage Areas) ...
w GIS Cut Line Check ...
»
SLaleraI GIS Coordinates
gl Plot GI5 Profile Reach Bounds ...
Storage Reach Connectivity ...
Q& Reach Order for Computations ...
Reach Order - Find Loops ...
Storage
In’“ (et Flow Roughness Factors ... 2
& @ Seasonal Roughness Factors ...
Purmp i
Shatin Design Cross Sections ... .\
>
HTah
Paratn
Wigwni
Picture

Some schematic data outside default extents (see View/Set Schematic Plot Extents...)

)

oA

0.0513, 0.9982

. Geometric Data - upstream SA demo

[f=1%

Fle Edit View Tables Tools Help

S}qﬂraga 5.A. Pump RS
red Conn. | Station
- (R 12.99

Tools [ River
Editars, | Fe2eh
=

Junet.
]

Cross
Section

Inline
Strusture

{

Lateral

Structure:

Storage
fires

Some schematic data outside default extents (see View/Set Schematic Plot Extents...)

)

00877, 0.68480
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July 2006
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5. Now you are ready to insert the dam (inline structure). It must be located at least two
cross sections downstream from the lake; but, in my experience, you will need at least

three.

. Geometric Data - upstream SA demo mEx]

Fle Edt View Tables Tools Help

Storage| sA | Pump
rea stafian| | 78

Tools [ Fi S
Conn 5
=—| @ p—a O | |<TH| =

HTab

Picture:
o]

Some schematic data outside defaul extents (see View/Set Schematic Plot Extents...)
[y

00477, 0.3231

nshdemo | J0Ed

= Inline

Apply ata I

g =31
length: [mot zet] [f)]

Dezcription || El

Filot Flows | Breach [plan data] ... |

\wleir ./ d
Embaikment

Gate

¥

—_—

'l

Mo Data for Plot

| ¥

[Edit inline structure description

14
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Dam (Inline Structure) Breach Data

-,

Inline Structure |§DS reach 1 975 j ﬂﬂ Delete thiz Breach Delete all Breaches I
[ Breach This Structure TR ] |
reach Flot | Breach Progreszsion
Center Station: a0 %
ASDSO workshop Plan: 3 u/s Secs  7/31/2006 :I
Firal Battar Wfidth: 20
120
: Y 1 Legend
Final Bottom Elevation; |38 1
Left Side Slope: 1 e ol
] Bank 5t
Right Side Slape: 1 ] SRS
— E Final Breach
Full Farmation Time [hre]: |1 § 1104
= 1
Failure b ode: Owertopping ‘:E; 1
E -
Fiping Coefficient: w 105:
Iritial Piping Eles: o
Trigger Failure at: | Set Time - ]
Start Date 292006 o5, ] : : ; ; ’ ;
0 10 20 30 40 50 60
Start Time 1200
Station (ft) -
|l LlJ
QK ] Cancel ]

6. Insert the boundary condition data. The only boundary condition identified for reach
1 is the downstream boundary; which has been chosen to be normal depth for this
problem. Note also, that in this case, the storage area, named “Lake”, has an inflow
(Lateral Inflow Hydr.). Remember that the initial elevation of “Lake” and the cross
section immediately upstream of the dam must be specified in the Initial Conditions
window. This defines the starting pool elevation for your simulation.

15
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=JO&d

Hydrologic Engineering Center [ g
US Army Corps of Engineers i i

Project: |C:h. AU pstream SAbupstrean_sa. pri
Flat: |Dem0 IC:\...'\Upstream Sahupstream_za pl2
Gearnetry: |upstream SA demo |C:h AU pstream SAhupstrean_sa.gl2

Steady Flow: |

Unsteady Flow: |Unsteady Flow 01

|C:\...'\Upstream SAhupstream_za.ull

Description : I

\;‘ IUS Customary Units

o

=%}

Boundary Conditions

[nitial Flow Diztribution Method

Lpply Data I

" Lze a Restart File Eilobar e |

% Enter Intial flow digtibution

Locations af Flow D ata Changes

=

[ritial Elesw

Storage Area

River: | DS reach ] Add Mullple. . |
Reach: |1 ﬂ River Sta: | 10.0 - Add A& Flow Change Location |
Riwer Reach Iritial Flows
1| D5 reach 1 100 {190

Inital Elewation

1| Lake

119
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River: IDS reach ;I Delete row(z)... I Add Multiple... |
Reach: I'I ;I River Sta.: IEI.EIEIEEE* vI Add an Initial Stage Location |
Locations and Initial Stages
River Reach RS Elew
1| D5 reach 1 10.0 119
2| D5 reach 1 9 9056E" 119
] | Cancel I
21 Unsteady Flow Data - Unsteady Flow 01 |:J@
File Options Help

Boundary Conditions | Initial Conditions | Apply [ ata |

River: I Canal j

Reach: |1 « | River Sta. I'IEI vI Add a Boundary Condition Ll:n:atil:unl

roundary Condition Types

Stage Hydrograph | Flaw Hudrograph | Stage/Flow Hydr. | R ating Curve |

| MHaormal Depth l | ateral nflow Hydr, | [ rifarmn Lateral [hflow | [araundwater | nterflow |

1.5, Gate Dpenings | Elesw Contralled G ates | [ avigation [ams | |B Stage/Flow | @l
River Reach RS Boundary Condition Type:

ey

Canal 1 1] | Marmal Depth

Friction Slope: IEI.I:IEI1 a9
] | Cancel I
Storage Area and 54 Connections: Storage Area: Lake ;I Add a Boundary Condition Location
Starage Area ar 54 Connection Boundary Condition Tupe
1| Storage Area: Lake Lateral Inflowe Hydr.

17



7. Execute the simulation and check on the computational progress.

-

A, Unsteady Flow Analysis
File Options Help
Plan : |2 ufs Secs Short ID |2 us Secs
Geometry File ; |2 ufs secs ﬂ
Unzteady Flow File ; |L|nsteau:|_l,l Flaw 01 ﬂ
Programs to Fun Plan D'escription ;
[v Geometry Preprocessar E|
Iv Unsteady Flow Simulation

[v Post Processor

Sirulation Time 'indow

Starting [ ate: 2302008 Starting Time: |12:00

Ending D ate: 30julZ00e Ending Time:  |18:00

Computation Settings

Computation Interval: |30 Secor | Hudrograph Output Intereal: |5 Minute =
Dretailed Output [nteral; 10 kMinute =

D55 Output Filename: |E:"~D-:u:uments and Settingzhqlhecdmaikdy Document EJ
[ Mired Flow Begime [zee menu; ""OptionzMixed Flow Optionz ..""

1 Dam [Inline Structure) with breach data. 1 zet to breach.

| Lompute

#: HEC-RAS Hydraulic Computations E] (=
Geometry Processor |
River: Canal RS: 1]
Fieach: 1 Mode Tupe:  Cross Section
18 Curve: N
Unisteady Flow Simulation |
Simulation: I ——
Time: E£.0000 0JUL2005  18:00:00 Iteration: 0
“wiiting Hydrograph 6 of B
Fost Frocess
River: Canal RS:
Reach: 1 Mode Type:  Cross Section
Prafile: 01JUL2005 1300
Simulation: 324182 | ]

Computation Meszages

Lo

Finizhed Unsteady Flow Simulation

“wiiting Results to D55
Finizhed “Wiiting Besults to DSS

Reading Data for Post Process

Runring Post Processar Yergion 3.1.3 Map 2005

el

18
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8. Evaluate the results. Shown below are the computed hydrographs for the storage area

and the progression of the hydrograph downstream.

E{ Stage and Flow Hydrographs

1=/

File Type Options Help

Stage Flow ] Table| Rating Curve |

L3 [Peak Stage = 119.00f]
. : Tirne = 2902005 1200
sS4 |iake Rl 1| Flow 109,80 [chs)
¥ Plot Stage W PlotFlow [ ObsStage | ObsFlow [ Use Ref Stage VolumeTlme :_253?.];.:2205?6;11_5]

Plan: 2 us Secs Storage Area: Lake

1207 ro Legend
1181 L1000 _Stage
Net Inflow
1164 F-2000
1149 r-3000
z w
ol =
o 112 4000 3
s =]
[ o
1104 F-2000
1081 F-6000
106 r-7000
04 T T T y _B000
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